Abstract Dry rot is a serious potato disease and causes significant losses in China. Research efforts on potato dry rot have been very limited as well as the attempts to characterize the pathogen in the major potato production regions of China. A total of 260 Fusarium isolates were identified in 698 potato tubers collected in six important potato production regions of northern China, out of which five different Fusarium species, Fusarium sambucinum, F. avenaceum, F. oxysporum, F. equiseti, and F. acuminatum, were isolated. The identification of each species was confirmed by sequencing analysis of ∼700 bp DNA fragment derived from the translation elongation factor-1 alpha gene. F. sambucinum was found to be the predominant species accounting for 56% of the isolates. Different pathogenicity was found to be associated with five most common Fusarium species. Sixty-seven clones used in China were identified as susceptible to F. sambucinum, indicating little scope for developing resistant cultivars using the currently available potato germplasm.
can reduce crop establishment by affecting the development of potato sprouts and causing crop losses up to 25%, while more than 60% of tubers can be infected during storage (Wharton and Kirk 2007) . Other tuber diseases, such as soft rot and late blight, often accompany dry rot leading to more serious damages. It has been reported that this disease causes post-harvest losses costing US producers US$100-250 million annually (http://www.ars.usda.gov/is/AR/archive/jun02/fungus0602.pdf, 2008). Post-harvest losses can be as high as 28% in the prefecture of Dingxi located in Gansu Province, China, out of which, 88% are due to dry rot (He et al. 2004) .
Fusarium is a large genus of Ascomycota fungi, with a few hundred species mainly distributed in soils and in association with plants (Summerell et al. 2010) . Many species are pathogens of economically important crops. It can cause vascular wilts, root, stalk, and cob rots, collar rot of seedlings, and rots of tubers, bulbs, and corms in a wide range of plants. Thirteen different Fusarium species have been identified as agents responsible for potato dry rot worldwide (Cullen et al. 2005) . The pathogenicity of these species varies significantly (Choiseul et al. 2007; Peters et al. 2008a ) depending on the potato cultivar and temperature during inoculation (Wastie et al. 1989; Esfahani 2005) . Two Fusarium species, F. sambucinum (formally F. sulphureum) and F. coeruleum, have been reported to be the principal causes of potato dry rot under temperate conditions (Corsini and Pavek 1986) . Several Fusarium species caused potato dry rot in Iran with F. sambucinum and F. solani being the predominant species (Esfahani 2005) . In Great Britain, potato dry rot was mainly attributed to four Fusarium species: F. coeroleum, F. avenaceum, F. culmorum, and F. sambucinum, with F. coeroleum being the predominant species (Peters et al. 2008a ). F. avenaceum was associated with storage rot of potatoes in other European countries (Satyaprasad et al. 1997) and Northeastern USA (Hanson et al. 1996) .
Dry rot is strictly regulated by seed certification standards in developed countries. However, in China, standard seed potato production has been initiated only in recent years and no regulations on dry rot have been so far applied, which may be a major factor in recent epidemics of Fusarium dry rot in the country. Few potato dry rot studies have been conducted in China. Ye and Wang (1994) collected a total of 168 Fusarium isolates from potato tubers in Zhejiang Province of China. These isolates were classified into nine species and subspecies. F. sambucinum and F. solani were found to be the pathogenic species associated with potato tuber dry rot in Gansu Province of China (Li et al. 2007 ). However, there are no published reports on the importance or etiology of dry rot in northern China, an important region for both ware and seed potato production. The research reported here aimed: (1) to survey the Fusarium species associated with dry rot in major potato production regions in northern China; (2) to investigate the distribution and pathogenicity of different Fusarium species; and (3) to evaluate likely resistance of available potato germplasm to dry rot.
Materials and Methods
The occurrence of suspicious potato dry rot disease in storage facilities was identified by inquiring all major potato producers in northern China. All the suspicious sites had been visited. A total of 698 potato tubers with dry rot symptoms were collected from 60 storage cellars in 2007 and 2009 from Inner Mongolia Autonomous Region and Ningxia Hui National Autonomous Region and four provinces: Gansu, Heilongjiang, Shanxi, and Hebei. The samples were processed immediately on arrival. Potato clones used in dry rot susceptibility evaluation (Supplementary Table 1 ) were provided by several potato breeding programs in China.
Identification of Different Fusarium Species
Dry rot-infected potato tubers were washed thoroughly with water, surface-sterilized for 3 min with 1.5% sodium hypochlorite, and washed twice with sterile distilled water. Tubers were cut and infected tissue was excised from the edge of the lesion or from the inside of potato dry cavity. The infected tissue was then cultured on potato dextrose agar supplemented with 100 mg/ml ampicillin. Plates were incubated at 25°C, 60% relative humidity, and under a 12-h alternation of light and dark. Single spore cultures were obtained by dilution series. After 4 days of single spore culture, colony diameter was measured and morphological characters were recorded. All isolates were identified using morphological characteristics of colony and conidia, including growth ratio and pigment of colony, size and shape of conidia, and other morphological structures, according to published descriptions (Booth 1971; Leslie and Summerell 2006) .
Phylogenetic Analysis of Fusarium Isolates Using a Molecular Marker
DNA of 41 purified single spore cultures was extracted using the CTAB method (Odonnell and Cigelnik 1997) . Two primers were used to amplify a ∼700-bp fragment specific to the translation elongation factor-1 alpha (TEF-1α) gene of the Fusarium spp.: forward primer, 5′-ATGGGTAAGGAAGACAAGAC-3′, and reverse primer, 5′-GGAGGTACCAGTGATCATGTT-3′ (Geiser et al. 2004) . Polymerase chain reaction (PCR) was performed in 50 μl mixture containing DNA template (50-100 ng), 10× Ex Taq buffer (10 mM Tris-HCl, 2.5 mM MgCl 2 , 50 mM KCl, pH 8.3), 0.25 mM each dNTP, 0.2 μM of each primer, and 1.25 U Ex Taq DNA polymerase. PCR reaction consisted of one cycle of initial denaturation at 94°C for 85 s, followed by 33 cycles of denaturation at 95°C for 30 s, and primer annealing at 58°C for 55 s, extension at 72°C for 2 min, and finally 72°C for 10 min. All PCR products were sequenced directly. Sequencing data were aligned and clustered by Mega 4.0 (Tamura et al. 2007) . A bootstrap maximum parsimony tree was constructed with Aspergillus niger (accession NW001594204) as outgroup and bootstrapped 1,000 replicates to check the robustness of clades.
Pathogenicity Test
Potato cultivar Favorita is susceptible to Fusarium dry rot in practice (http:// www.europotato.org/display_description.php?variety_name0Favorita). Disease-free tubers of Favorita were inoculated with seven Fusarium isolates to assess the pathogenicity of different Fusarium species (Table 1) . Tubers were washed with 1.5% sodium hypochlorite solution for 3 min and rinsed with water and allowed to dry overnight. The interior part of the tubers was individually wounded with an 11-mm diameter drill with a depth of 11 mm. An 11-mm agar plug derived from the edge of a 7-day-old colony was inserted in the drilled tuber hole. Six tubers were incubated and placed in a cardboard box at 25°C in dark for 20 days. The tubers were then cut through the inoculation site and the depth and width of the rot area were measured. A control treatment consisting of a non-inoculated agar plug inserted into the wounded tuber was also included in the evaluation. The data were analysed with SAS (version 9.0, SAS Institute Inc.) and means were separated with Duncan's multiple range test.
Dry Rot Susceptibility Evaluation
A total of 67 potato clones including 21 cultivars and 46 breeding lines (Supplementary Table 1 ) were selected to test their resistance to F. sambucinum (NM5-1-S), which is the most dominant pathogenic Fusarium species in pathogenicity evaluation. All tested tubers were free of visible disease symptoms and weighed from 100 to 150 g. Healthy tubers were surface-sterilized with 75% ethanol and wounded using the similar method described above. The inoculated tubers, five per each clone, were then placed in a cardboard box at 16°C for 20 days. Data collection and analysis were similar to those used in the pathogenicity test.
Results

Collection and Identification of Fusarium Species
Potato dry rot was a serious post-harvest disease in 2007 and 2009 in several provinces located in the northern and western regions of China, including the Inner Mongolia Autonomous Region, Ningxia Hui National Autonomous Region, and the provinces of Gansu, Heilongjiang, Shanxi, and Hebei. The average yield losses due to dry rot and reported by this survey varied from 5 to 20% in the above locations. This variability was likely due to the highly variable storage conditions, the Fusarium species, and their different pathogenicity. We obtained a total of 260 different Fusarium isolates from 698 potato tubers collected in these 2 years, out of which five species were identified (Table 2 and Supplementary Table 2 ). F. sambucinum and F. avenaceum were the most dominant species among these isolates, which accounted for approximately 56 and 30% of the collection, respectively ( Table 2) . Isolates of these two species were found in the tubers collected from different areas. F. sambucinum was the predominant species in five out of six of the surveyed potato-growing areas, while F. avenaceum was the predominant species in Gansu Province (Table 3 ).
Genetic Differences Among the Isolated Fusarium Species
In order to verify classification of these five species based on the morphological characteristics, we sequenced a region of TEF-1α gene of 41 isolates randomly selected from the 260 isolates. The variation of TEF-1α gene sequences has been used in parallel with other morphological characteristics to correctly identify Fusarium species (Geiser et al. 2004 ). All of the sequences showed a high similarity (more than 95%) with those of known Fusarium strains in GenBank (http:// www.ncbi.nlm.nih.gov/genbank). Phylogeny analysis showed that the sequences could be divided in four groups (Fig. 1) . Group I isolates were exclusively F. sambucinum. Group II and group III isolates were closer to each other than to the other groups. Group II included both F. avenaceum and F. acuminatum, two species with a similar morphology. In group III, isolate NMJC2-1 was morphologically Table 2 and Fig. 1 ).
Pathogenicity of the Fusarium Species
All of the tested isolates caused rot on tubers of cv. Favorita. Tubers inoculated with isolate NM13-2-S of F. avenaceum showed a mean lesion size of 27.50 mm, the highest average lesion size among all tested isolates (Table 1) . Tubers inoculated with isolate NM5-1-S of F. sambucinum had a mean lesion size of 24.17 mm, which is not significantly different from the lesion size caused by F. avenaceum. These two Fusarium species, however, showed significantly higher pathogenicity than F. acuminatum and F. equiseti, based on average lesion sizes (Table 1 ). We also observed significantly different pathogenicity associated with two isolates of F. oxysporum. Tubers of cv. Favorita inoculated with isolate NM6-1-S showed a similar lesion size than tubers inoculated with F. avenaceum and F. sambucinum; whereas tubers inoculated with isolate NM1-4-S showed a similar lesion size than tubers inoculated with F. acuminatum and F. equiseti (Table 1) . On the other hand, we did not find any difference between the two isolates of F. acuminatum based on lesion sizes. Species differed in pathogenicity with the most pathogenic one causing lesions about twice the size of those least pathogenic. Based on Duncan's test, species fell into one of the two groups. The most pathogenic species, F. avenaceum, F. oxysporum, and F. sambucinum, belonged to one group, while the less pathogenic group comprised F. acuminatum, F. equiseti, and the F. oxysporum isolate NM1-4-S.
Susceptibility of Potato Cultivars to Fusarium Species
All 67 tested potato clones were susceptible to F. sambucinum with lesion sizes ranging from 20 to 48 mm, showing a continuum of variation (Supplementary Table 1 and Fig. 2 ). Désirée and a few clones showed the smallest infection sizes. Most of the clones tested were breeding lines and the majority of them were more susceptible than the cultivar Désirée. Overall, there were no significantly resistant sources in the materials tested.
Discussion
At least thirteen Fusarium species have been considered as causal agents of dry rot of potato worldwide (Cullen et al. 2005) . Five Fusarium species, F. sambucinum, F. avenaceum, F. oxysporum, F. equiseti, and F. acuminatum, were found in our survey covering six important potato-growing areas in northern China. This classification is supported by phylogenetic analysis using a representative molecular marker, which is able to identify different species of Fusarium (Geiser et al. 2004) . Six additional species, including F. solani, F. semitectum, F. culmorum, F. moniliforme, F. trichothecioidos, and F. sporotrichioides were previously reported to be associated with potato dry rot in China with F. solani being the most frequently reported species (Li 1992 ; Ye and Ye and Wang (1994) collected 168 Fusarium isolates in a previous survey carried out in Zhejiang Province, which is, however, a less important potato-growing region than those considered in this article. Several factors may explain why different Fusarium species were identified in the present survey compared to that implemented by Ye and Wang (1994) , including use of different rotation patterns and different potato cultivars, as well as different environmental and/or edaphic conditions. The present survey shows that F. sambucinum and F. avenaceum are currently the most dominant species responsible for potato dry rot in northern China. F. sambucinum was identified as the most prevalent species causing dry rot in Gansu Province of China. These results were confirmed by Li et al. (2007) , while F. solani has frequently been identified as one of the most common dry rot causing species (Hanson et al. 1996; Choiseul et al. 2007; Peters et al. 2008a; Peters et al. 2008b) . It was, however, not present in the present survey. These results support the highly dynamic nature of different Fusarium species as the causal agents of potato dry rot. The first three highly pathogenic species are also the most dominant species in this survey, suggesting that the predominant distribution of Fusarium species is likely associated with its pathogenicity.
Losses caused by potato dry rot can be minimized by chemical control with thiabendazole, which is applied to tubers during post-harvest operations. However, increasing resistance of F. sambucinum to thiabendazole has been reported in the USA, Canada, and Europe (Desjardins 1995; Gonzalez et al. 2002) . The most effective and environmentally friendly approach to control dry rot is the utilization of resistant potato cultivars, although better handling of potatoes at harvest and during post-harvest operations would sensibly reduce the importance of such disease as well. Only cursory germplasm evaluation on resistance to Fusarium dry rot has been reported in the literature (Leach and Webb 1981; Corsini and Pavek 1986; Wastie and Bradshaw 1993; Lynch et al. 2003; Esfahani 2005; Valluru et al. 2006) . Tested clones include commercial cultivars and breeding lines, showing varying degrees of susceptibility but one breeding line with immunity to two Fusarium species. However, potato cultivars and breeding lines generally show susceptibility to different Fusarium species worldwide.
In spite of the fact that dry rot is a major potato storage disease in China, there has been little, if any, breeding efforts to improve the dry rot resistance of potato cultivars. We examined the dry rot susceptibility of major Chinese potato clones including Supplementary Table 1 . The Y-axis represents lesion size and the number listed on X-axis represents the code no. of each clone cultivars and breeding lines to the predominant species F. sambucinum. This is the first evaluation of Chinese potato germplasm for susceptibility to potato dry rot pathogens. Désirée is in the most tolerant group to the isolate of F. sambucinum. The previous work also showed that Désirée was ranked as the second highest tolerant cultivar to F. sambucinum (Esfahani 2005) . Our results showed that the majority of the potato lines are moderately and highly susceptible to F. sambucinum. Thus, we infer that there is very limited dry rot resistance in the current Chinese potato germplasm due to their narrow genetic background. Identification and introduction of resistant germplasm from a wider germplasm collection would be a key step to breed dry rot resistant potato cultivars. The importance of controlling potato bruises due to poor handling practices at harvest and during post-harvest operations is another means for prevention of tubers losses caused by potato dry rot. Losses due to potato dry rot may be also accentuated by poor ventilation in the stores and consequent risks of condensation on the superficial part of the bulked potatoes during winter time.
